The ® nal ® nishing process of advanced ceramic balls used in hybrid precision bearings constitutes two-thirds of the total manufacturing cost, and hence eOE ective and economic ® nishing methods and processes are critical to their widespread application. A novel eccentric lapping machine is designed and manufactured. Hot isostatically pressed silicon nitride ball blanks (diameter 13.25 mm) are used to investigate the feasibility of accelerating the ball ® nishing process while maintaining high surface quality. Taguchi methods are used during the ® rst step of ® nishing to optimize lapping parameters; the L9 (3 4 ) four-parameter, three-level orthogonal array is used to design the experiment. Experimental results reveal that this novel eccentric lapping method is very promising; a material removal rate of 40 mm/h is achievable. The optimum lapping condition is found to be high speed, high load and high paste concentration with 60 mm diamond particles. The analysis of variance shows that the most signi® cant lapping parameter is lapping load, which accounts for 50 per cent of the total, followed by lapping speed (31 per cent); the particle size and paste concentration only account for 12 per cent and 7 per cent respectively. A comparison with previous lapping experiments and the mechanism of material removal are also discussed brie¯y.
GTSS
grand total sum of squares of signal-to-noise ratio MSD mean square deviation n Ai number of tests conducted at level i of parameter A S/N signal-to-noise ratio S/N LTB signal-to-noise ratio (larger the better) S=N overall mean of signal-to-noise ratios S=N Ai the level average S/N of parameter A at level i SS A the sum of the squares of the S/N variation induced by parameter A around overall mean SS B the sum of the squares of the S/N variation induced by parameter B around overall mean SS C the sum of the squares of the S/N variation induced by parameter C around overall mean SS D the sum of the squares of the S/N variation induced by parameter D around overall mean SS mean the sum of the squares due to overall mean of S/N SS variation the sum of the squares due to variation around overall mean of S/N y i the individually measured response value at measurement i resistance, corrosion resistance, low density, high elastic modulus and low friction [1] . The only restriction that prevents their widespread application is the high manufacturing cost of ceramic balls. It is estimated that the ® nal ® nishing process and associated handling and inspection of advanced ceramic balls constitute twothirds of the total manufacturing cost. Finishing advanced ceramic balls at low cost and e ciency while maintaining high surface quality to ensure long fatigue life is critical to their widespread application.
The ® nishing process for advanced ceramic balls can be divided into two steps: ® rstly rough lapping (grinding) and secondly ® ne lapping (polishing). In the ® rst step, the lapping speed and load are relatively high, and the diamond particle size used in the paste or suspension is larger. The ceramic ball surface skin produced in previous manufacturing stages which is compositionally and microstructurally diOE erent from the core of the ball has to be removed during this step. For a ® nal dimension 12.7 mm (0.5 in) diameter hot isostatically pressed (HIPed) ball, 500± 800 mm stock in diameter has to be removed from the ball surface. The maximum material removal rate in this step is desirable while roundness is maintained and no substantial surface damage is done. In the second step, the lapping speed and load are relatively low, and diamond particle size used in the paste or suspension is much smaller. The ball surface roughness, waviness and roundness for precision bearing applications are achieved during the second step. A novel eccentric lapping machine was designed by the authors and manufactured in house. A preliminary lapping test series has been conducted using this machine [2] . The current study is focused on the ® rst step of the ® nishing process by altering diOE erent lapping parameters and their combinations to achieve the optimum ® nishing rate.
There are several approaches to investigate the eOE ects of diOE erent testing parameters. The most simple one is the single-parameter by single-parameter approach, i.e. only one parameter is changed for a given test run. This is of course the most time consuming and costly approach as the testing parameter number increases. To overcome this, the experimental design [3] and dimensional analysis theory [4] were introduced. The Taguchi methods [5, 6] , by developing a set of standard orthogonal arrays (OAs) and a methodology for the analysis of results, can extract information from experiment more precisely and more e ciently than other approaches; also, fewer tests are needed even when the number of parameters being investigated is quite large.
Since Taguchi methods have been proved successful for many manufacturing circumstances [7, 8] , they are chosen in this study. The purpose of this study is to investigate systematically the eOE ects of diOE erent lapping parameters and to ® nd the ® nishing rate potential of this novel eccentric lapping machine.
EXPERIMENTAL SET-UP

Machine
This novel eccentric lapping machine allows the ® nishing of advanced ceramic balls in a small batch (about 15 balls each time for diameter 13.2± 13.4 mm ball blanks). It was deliberately designed for a small batch by the authors to enable the investigation of various lapping conditions without consuming too many balls. It is found that the performance of this machine is superior both in the ® rst step of ® nishing (grinding) and in the second step of ® nishing (polishing). Figure 1 is a photograph of Fig. 1 Overview photograph of the eccentric lapping machine this eccentric lapping machine. An a.c. motor and gearbox combination connected by a pulleys± belt system drives the lower plate. This lower plate has an eccentric circular V-groove machined on it and rotates at a set speed to promote the sliding± rolling contact of the balls with the plates. The top plate, which has a¯at lapping surface, is stationary. Ceramic balls are lapped between the top plate and the V-groove of the lower plate ( Fig. 2 ). Because of the eccentricity between the centre of the circular V-groove and the rotational axis of the lower plate, there will be an acceleration of ball angular velocity and a skid between the balls and lapping plates, and the ball spin angle will change constantly. A description of this eccentric lapping machine can be found in reference [2] . Table 1 summarizes the materials used in this experimental investigation. Before and after each lapping test run, balls and lapping plates were cleaned using an ultrasonic bath, each ball diameter was measured to 1.0 mm and the total weight of the batch (15 balls) was measured to 9.8 mN (1.0 mg). Microscope observations on ball surfaces were also made after each lapping test run to monitor any exceptional ball surface damage. The diamond paste and lapping¯uid were mixed according to the paste concentration parameter, 1 g : 30 cm 3 (1 g : 30 ml), 1 g : 60 cm 3 (1 g: 60 ml) and 1 g : 120 cm 3 (1 g : 120 ml), and stirred magnetically to dissipate the diamond paste fully in the lapping¯uid. A quantity of 5 cm 3 (5 ml) of this¯uid mixture containing diamond particles was dissipated on to the V-groove of the lower plate before each test. The lapping speed parameter was set by choosing diOE erent pulley combinations, and each lapping test was carried out for 1 h. After each test, each of the 15 balls was measured across the diameter and the 15 ball diameters were documented in a row of a spreadsheet program in descending order. Individual balls within the batch were not distinguished; the change of each ball diameter [measured material removal rate on each individual ball (mm/h)] was deduced from two adjacent rows in the spreadsheet (assuming that the diameter descending order of the 15 balls was not changed after each test run). This is an acceptable method as the batch diameter scatter after each test is normally very small (1± 2 mm) and the individual ball roundness error (ovality) generated from this eccentric lapping is only 0.4± 1.1 mm. The average weight lost per ball per hour was deduced from the whole batch (15 balls) after each test run and only for monitoring purposes. The standard deviation based on the entire population (STDEVP) is also calculated for each test run to monitor the ball diameter scatter.
Procedure
EXPERIMENTAL DESIGN
A standard Taguchi L9 (3 4 ) OA (Table 2) is chosen for this investigation as it can operate four parameters, each at three levels. This format is chosen from preliminary work that identi® ed four parameters, (A) lapping speed, (B) lapping load, (C) diamond particle size in paste and (D) paste concentration in lapping¯uid, as important lapping variables which aOE ect the ® nishing rate. Su cient details of the eOE ect of diOE erent parameter values on experimental results can be obtained by choosing three levels for each parameter to investigate. The criteria used for choosing the three parameter levels are based on the requirement to explore a maximum range of an experimental variable, but not to include the range which is already known to be out of interest. In addition, it is unnecessary to have uniformly spaced levels because of the counterbalance property of the OA [9] . Previous lapping experiments have shown that, when the lapping speed range is 8.5± 80 r/min, the material removal rate is low, so for this investigation the speed level range is 120± 270 r/min. Previous lapping experiments also showed that the material removal rate is fairly high when using 6 mm diamond particles (smaller than this will greatly reduce the ® nishing rate), but the optimum material removal rate was achieved by using 60 mm diamond particles [2] . For this investigation, the three levels of diamond particle size parameter are therefore chosen as 6, 60 and 90 mm. The three levels for lapping load parameter and paste concentration parameter are also selected according to previous lapping experiences but extended to see their eOE ects. The chosen parameters and their levels are shown in Table 3 .
The test run is designated by replacing the level numbers 1, 2, 3 of parameters A, B, C, D in the L9 OA with the chosen parameter level values in Table 3 . Each row of the array represents a test run parameter setting condition. Table 4 is the test run design. Taguchi  method   Run  A  B  C  D   1  1  1  1  1  2  1  2  2  2  3  1  3  3  3  4  2  1  2  3  5  2  2  3  1  6  2  3  1  2  7  3  1  3  2  8  3  2  1  3  9 3 3 2 1 
DATA EVALUATION AND ANALYSIS
Evaluation of the signal-to-noise ratio
Taguchi methods use the signal-to-noise ratio (S/N) to analyse the test run results because the S/N ratio represents both the average (mean) and variation (scatter) of the experimental results. The S/N ratio is also used in analysis of variance (ANOVA). The term S/N ratio is borrowed from signal processing technology but has diOE erent meanings here. A number of S/N ratios are available in Taguchi methods, e.g. smaller the better, larger the better, operating window and nominal the best. The standard S/N ratios can be customized to ® t speci® c applications and new S/N ratios can be developed for particular applications. Selecting the proper S/N ratio depends on the physical properties of the problem, the engineering insight, the pursuit of experimental results, etc. In this study the maximum material removal rate is the objective function, so the larger-the-better S/N ratio is chosen (the basic formulae and notations used in this study can be found in reference [9] ):
where S/N LTB stands for the larger-the-better signal-tonoise ratio, MSD is the mean square deviation around the target (in® nity in this case), y i is the individually measured response value (experimental result) and n is the number of measurements taken in one test run. Table 5 shows the results of each test run in terms of the measurement of 15 balls being lapped … y i †, the average value of the batch and the S/N LTB value calculated from equation (1).
Level average response analysis
The level average response analysis is based on averaging the experimental results achieved at each level for each parameter. In this study, each level for each parameter is contained in three test runs. It can be seen from in these three test runs, all three levels of parameters A, C and D also appear once. When performing level average response analysis for one level of one parameter, all the in¯uences from diOE erent levels of other parameters will be counterbalanced because every other parameter will appear at each diOE erent level once. Thus the eOE ect of one parameter at one level on the experimental results can be separated from other parameters. In this way, the eOE ect of each level of every parameter can be viewed independently.
The level average response analysis is carried out by averaging the experimental results from three test runs corresponding to each level of each parameter, one by one, which is shown in Table 6 and plotted in Fig. 3 . Table 7 and Fig. 4 give the results of level average response analysis by S/N ratio.
Analysis of variance
Analysis of variance is a computational technique to estimate quantitatively the relative contribution which each controlled parameter makes to the overall measured response; it is expressed as a percentage. Thus information about how signi® cant the eOE ect of each controlled parameter is on the experimental results can be obtained. ANOVA uses S/N ratio responses. The basic idea of ANOVA is ¼ 2
that is the total sum of the squares of the standard deviation (¼ 2 T , total variation) is equal to the sum of the squares of the standard deviation caused by each parameter ¼ 2
The overall mean from which all the variation (standard deviation) is calculated is given by S=Nˆ1 n X n iˆ1 S=N i …2 † The GTSS can be decomposed into two parts, the sum of the squares due to overall mean and the sum of the squares due to variation around overall mean: The percentage contribution of each parameter is found:
Percentage contribution of parameter ĵ
In this study, Parameter A, lapping speed …35:095=112:6 † £ 100%ˆ31:17% Parameter B, lapping load …56:379=112:6 † £ 100%ˆ50:07% Parameter C, particle size …13:237=112:6 † £ 100%ˆ11:76% Parameter D, paste concentration …7:895=112:6 † £ 100%ˆ7:01%
The percentage contributions for parameters A, B, C and D are shown in Fig. 5 . Table 5 shows the experimental results for the lapping programme. The in¯uences of individual lapping parameters on the material removal rate can be clearly seen in Fig. 3 . Generally, the material removal rate increases as the lapping speed, lapping load and paste concentration increase. For the lapping speed parameter, the material removal rate increases sharply as the speed increases from 118.42 to 168.75 r/min, an increase of 57 per cent. From 169 to 270 r/min, although the speed increase is 60 per cent, the material removal rate increases only 9 per cent. This is consistent with a previous single-parameter experiment which ranged from 8.5 to 169 r/min and showed that the material removal rate is quite low when speed is below 80 r/min [2] . It seems that there is a threshold for the lapping speed, below which the material removal rate is very low. Speeds below this threshold are appropriate for polishing (® ne lapping) but not for grinding (rough lapping). The abrasive wear process above this speed threshold is predominantly by microfracture. This view is supported by the microscope and SEM observations of previous lapping samples by the authors [10] . This kind of microfracture will increase as the lapping speed increases, but to a certain amount the increase will slow down. Surprisingly, the material removal rate increases almost linearly with the increase of lapping load at a slope of 15 mm £ lapping load (9.8 N/ball). This is true also in the level average analysis by S/N ratio in Fig. 4  (parameter B ). This information is extremely useful when establishing a theoretical lapping model about the diamond particles ploughing against ceramic working material by contact mechanics and fracture mechanics. The lapping load parameter also is the most signi® cant factor in¯uencing the ® nishing rate, accounting for 50 per cent in ANOVA. This valuable information could not be drawn from a simple one-parameter changing experiment.
The material removal rate increases by 38 per cent with the increase of diamond particle size from 6 to 60 mm, but decreases by 6 per cent from 60 to 90 mm. The result from the level average analysis by S/N ratio shown in Fig. 4 (parameter C) for 60 to 90 mm is the same. To verify this, two more test runs were arranged afterwards with diamond particle sizes of 60 and 90 mm; all of the other three parameters were set at their highest values [load 18.13 N/ball (1.85 kgf/ball), speed 270 r/min, paste concentration 1 g :30 cm 3 (1 g : 30 ml)]. The results are consistent: for 60 mm diamond particles, the material removal rate is around 40 mm/h; for 90 mm diamond particles, around 36 mm/h. So, for the diamond particle size parameter, 60 mm is considered as the optimum. This is also because the two highest standard deviation values (STDEVP) are found in test runs 5 (0.980) and 7 (0.735), which are associated with 90 mm diamond particles. This implies that too large diamond particles will cause ball diameter scatter, especially under medium and higher load. For parameter D, diamond paste concentration, the material removal rate increases as the paste concentration increases. The increase is higher from 0.0167 g/cm 3 (1.67 g/ml % ) to 0.0333 g/cm 3 (3.33 g/ml % ) than from 0.0083 g/cm 3 (0.83 g/ml % ) to 0.0167 g/cm 3 (1.67 g/ml % ), as shown in Fig. 3 (parameter D) . The level average analysis by S/N ratio shown in Fig. 4 (parameter D) is the same.
The level average response analysis by S/N ratio is shown in Table 7 and Fig. 4 . Although the physical meaning of the S/N ratio (dB) is not as straightforward as simple level average response analysis by values (mm/h), it is more objective towards the target because the S/N ratio re¯ects both the average (mean) and the scatter (variance). The line trends in Fig. 4 for parameters A, B and D are the same as in Fig. 3 for parameters A, B and D; this gives a kind of con® dence about the conclusions drawn from the experiment. The line trend in Fig. 4 for parameter C is a little diOE erent from Fig. 3 for parameter C, which is con® rmed by further investigation, as discussed previously.
From the level average response analysis, the optimum lapping parameter combination is found to be lapping speed 270 r/min, lapping load 18.13 N/ball (1.85 kgf/ ball), diamond particle size 60 mm and paste concentration 1 g :30 cm 3 (1 g :30 ml or 3.33 g/ml % ). This was veri® ed by a further lapping test run arranged immediately afterwards. The achieved material removal rate of 40 mm/h is much higher than that by conventional concentric lapping, in which the material removal rate usually is only a few mm/h. This indicates that this novel eccentric lapping is very promising. ANOVA shows that, within the experimental level ranges, the most signi® cant lapping parameter is lapping load, which accounts for 50 per cent of the total, followed by lapping speed (31 per cent); particle size and the paste concentration parameters only account for 12 per cent and 7 per cent respectively. It should be noted that these percentage contributions of each lapping parameter to the material removal rate are only valid within the experimental parameter setting level ranges, that is lapping speed from 118.42 to 270 r/min, lapping load from 8.82 N/ball (0.9 kgf/ball) to 18.13 N/ball (1.85 kgf/ball), particle size from 6 to 90 mm and paste concentration from 1 g:30 cm 3 (1 g:30 ml) to 1 g :120 cm 3 (1 g:120 ml). An earlier single-parameter changing experiment with the lapping speed ranging from 8.5 to 168.75 r/min showed that the material removal rate is quite low when the speed is below 80 r/min. If the lower level of the lapping speed chosen in the L9 OA in this study were low, the percentage contribution of lapping speed would be much higher.
The overall results from the application of Taguchi methods experimental design and data analysis are satisfactory. Only nine test runs are conducted and much more precise information about the parameters at the experimental levels aOE ecting the ® nishing rate is found. This gives a clear overall picture about the in¯uences of the four important parameters on this novel eccentric lapping of advanced ceramic balls.
CONCLUSION
1. Taguchi methods have been successfully applied to eccentric lapping of HIPed silicon nitride balls for parameter optimization in the ® rst step of ® nishing. 2. Increasing the lapping load, lapping speed and paste concentration parameters causes a corresponding increase in material removal rate. The increase of material removal rate is most signi® cant as the lapping speed parameter increases from 118.42 to 168.75 r/min. The increase of material removal rate is almost linear with (proportional to) the increase of lapping load throughout the parameter range. The increase of material removal rate is higher for paste concentration parameter changing from 0.0167 g/cm 3 (1.67 g/ml % ) to 0.0333 g/cm 3 (3.33 g/ml % ).
3. The optimum lapping parameter combination within the experimental level ranges is found to be high speed, high load, 60 mm diamond particles and high paste concentration. 4. The achieved material removal rate of 40 mm/h is much higher than that by conventional concentric lapping, which indicates that this novel eccentric lapping is very promising. 5. Within the experimental level ranges, the most significant in¯uencing parameter is lapping load, which accounts for 50 per cent of the total eOE ect, followed by lapping speed (31 per cent); particle size and the paste concentration parameters only account for 12 per cent and 7 per cent respectively.
